The type II heat-labile enterotoxins, LT-IIa and LT-IIb, exhibit potent adjuvant properties. However, little is known about their immunomodulatory activities upon interaction with innate immune cells, unlike the widely studied type I enterotoxins that include cholera toxin (CT). We therefore investigated interactions of LT-IIa and LT-IIb with human monocytic THP-1 cells. We found that LT-II enterotoxins were inactive in stimulating cytokine release, whereas CT induced low levels of interleukin-1␤ (IL-1␤) and IL-8. However, all three enterotoxins potently regulated cytokine induction in cells activated by bacterial lipopolysaccharide or fimbriae. Induction of proinflammatory (tumor necrosis factor ␣ [TNF-␣]) or chemotactic (IL-8) cytokines was downregulated, whereas induction of cytokines with anti-inflammatory (IL-10) or mucosal adjuvant properties (IL-1␤) was upregulated by the enterotoxins. These effects appeared to depend on their A subunits, because isolated B-pentameric subunits lacked regulatory activity. Enterotoxin-mediated inhibition of proinflammatory cytokine induction in activated cells was partially attributable to synergism for endogenous production of IL-10 and to an IL-10-independent inhibition of nuclear factor B (NF-B) activation. In sharp contrast to the holotoxins, the B pentamers (LT-IIaB and, to a greater extent, LT-IIbB) stimulated cytokine production, suggesting a link between the absence of the A subunit and increased proinflammatory properties. In this regard, the ability of LT-IIbB to activate NF-B and induce TNF-␣ and IL-8 was antagonized by the LT-IIb holotoxin. These findings support distinct immunomodulatory roles for the LT-II holotoxins and their respective B pentamers. Moreover, the anti-inflammatory properties of the holotoxins may serve to suppress innate immunity and promote the survival of the pathogen.
Vibrio cholerae and Escherichia coli produce structurally related heat-labile enterotoxins which cause diarrheal symptoms in humans and animals. Although their molecular structure is similar, consisting of an enzymatically active and toxic A subunit noncovalently linked to a pentameric binding (B) subunit, these AB 5 -type toxins are serologically distinguished into two groups, termed type I and type II (17) . Type I includes cholera toxin (CT) and E. coli heat-labile toxin I (LT-I), whereas type II includes E. coli LT-IIa and LT-IIb (17) . LT-IIa, LT-IIb, and nontoxic derivatives thereof have been recently shown to exhibit mucosal adjuvant properties that are quite distinct from those of CT, the prototypical enterotoxin adjuvant (21) (22) (23) . Differences in adjuvant mechanisms between type I and II enterotoxins (and within each group) may reflect differential binding to ganglioside receptors. Type I toxins bind avidly to ganglioside GM1. LT-IIa binds, in order of decreasing affinity, to GD1b, GD1a, and GM1, whereas LT-IIb lacks affinity for GM1 or GD1b but binds strongly to GD1a (12) . Ganglioside binding by AB 5 toxins is required for toxicity through adenylate cyclase-dependent elevation of cyclic AMP (cAMP) levels (17) . In enterocytes, increase in intracellular cAMP levels causes massive secretion of fluid and electrolytes into the gut lumen (19) . However, elevated intracellular cAMP mediates multiple biological effects in a variety of cell types, mainly through activation of protein kinase A (PKA) and the ensuing phosphorylation of transcription factors that act through cAMP-responsive elements in the promoter region of target genes (20) .
Several cytokine genes contain cAMP-responsive elements that are important for their transcriptional regulation (5, 18, 28) . Thus, elevation of intracellular cAMP caused by heat-labile enterotoxins, such as LT-IIa, LT-IIb, and CT, may modulate expression of those cytokine genes. An investigation of potential interactions between heat-labile enterotoxins and innate immune cells presents a dual interest. First, the molecular mechanisms involved in cytokine induction and regulation are likely to be associated with the potent adjuvant properties of the enterotoxins. Indeed, innate immune responses are important not only in first-line defense but also in initiating adaptive immunity (1) . Second, early recognition events between innate immune cells and pathogen components often determine cellular activation or, alternatively, control evasion or diversion of the host response. This latter factor has the potential of increasing the survival capacity of the pathogen and, thus, prolonging an infection.
The type I heat-labile enterotoxins, CT and LT-I, are known to interact with macrophages and other innate immune cells to induce expression of interleukin-1 (IL-1) (4, 11, 36) , a cytokine which, in the form of IL-1␣ or IL-1␤, displays potent mucosal adjuvant activity (33) . Similar studies to establish the immunomodulatory activities of LT-IIa and LT-IIb on monocytic cells for production of IL-1 or other cytokines have not been reported. The primary objective of this study, therefore, was to determine whether the interaction of LT-IIa or LT-IIb enterotoxins with human monocytic THP-1 cells elicits release of specific cytokines involved in induction or regulation of inflammation or adjuvant stimulation. We found that both LT-IIa and LT-IIb were poor cytokine inducers for THP-1 cells. In contrast, both LT-IIa and LT-IIb strongly inhibited induction of proinflammatory (tumor necrosis factor ␣ [TNF-␣]) or chemotactic (IL-8) cytokines by lipopolysaccharide (LPS) or other bacterial stimuli. At the same time, in those same cells LT-IIa and LT-IIb upregulated production of LPS-induced cytokines having anti-inflammatory (IL-10) or mucosal adjuvant properties (IL-1␤). Subsequent experiments established that these immunomodulatory properties of the LT-IIa and LT-IIb holotoxins are mediated by their A subunits, because neither LTIIaB nor LT-IIbB retained these regulatory activities. The LT-II B pentamers, however, were significantly more potent than their respective holotoxins in inducing cytokine release in THP-1 monocytic cells. These observations have direct importance toward understanding the immunomodulatory activities of LT-IIa and LT-IIb and possibly in the pathogenesis of bacteria which express heat-labile enterotoxins such as LT-IIa and LT-IIb.
MATERIALS AND METHODS
Engineering and purification of holotoxins and their B subunits. To engineer a His-tagged version of LT-IIa, a fragment encoding a portion of the A polypeptide and the B polypeptide was PCR amplified from pTDC400 (7) using the synthetic oligonucleotides 5Ј-GATGGGATCCTTGGTGTGCATGGAGAAA G-3Ј (BamHI site is underlined) and 5Ј-AAATAAACTAGTTTAGTGGTGG TGGTGGTGGTGTGACTCTCTATCTAATTCCAT-3Ј (BcuI site is underlined; His codons are double underlined) as primers. PCR conditions were the following: denaturation at 95°C for 45 s, annealing at 44°C for 45 s, and extension at 72°C for 2 min, 30 cycles. After digestion with SacI and BcuI, the resulting PCR fragment was substituted for the SacI/BcuI fragment of pTDC200⌬S. This plasmid was derived from pTDC200 (7) upon removal of a redundant SacI restriction site by partial digestion with SacI, followed by blunting the digested site with Klenow fragment and religation with T4 DNA ligase. The plasmid encoding the LT-IIa holotoxin with a His-tagged B polypeptide was denoted pHN4.
To construct a recombinant plasmid encoding the His-tagged B polypeptide of LT-IIa, pHN4 was digested with SacI and BcuI. The obtained DNA fragment (corresponding to the B polypeptide) was inserted into pBluescript KSIIϩ (Stratagene, La Jolla, Calif.) at the SacI/BcuI sites to produce pHN15.
To engineer a His-tagged version of LT-IIb, a fragment carrying the genes for A and B polypeptides was PCR amplified from pTDC100 (8) using the synthetic oligonucleotides 5Ј-CGGGATCCATGCTCAGGTGAG-3Ј (BamHI site is underlined) and 5Ј-GGAATTCTTAGTGGTGGTGGTGGTGGTGTTCTGCCT CTAACTCGA-3Ј (EcoRI site is underlined; His codons are double underlined). PCR conditions were the following: denaturation at 95°C for 45 s, annealing at 44°C for 45 s, and extension for 2 min, 30 cycles. After digestion with BamHI and EcoRI, the PCR fragment was ligated into pBluescript KSIIϩ at the BamHI/E coRI sites to produce pHN1, encoding LT-IIb holotoxin with a His-tagged B polypeptide.
Recombinant plasmid pHN16.1, encoding only the His-tagged B polypeptide of LT-IIb, was engineered by ligating the B-polypeptide-encoding XhoI/EcoRI fragment from pHN1 into pBluescript KSIIϩ at the XhoI and EcoRI sites.
To engineer a His-tagged version of the B subunit of CT (CTB), a fragment encoding a portion of the A polypeptide and the B polypeptide was PCR amplified from pSBR-CT ⌬A1 (14) using the synthetic oligonucleotides 5Ј-TAA-GAGCTCACTCGAGGCTTGGAGGGAAGAG-3Ј (SacI site is underlined) and 5Ј-TAACTAGTGCTGAGCTTAGTGGTGGTGGTGGTGGTGTATTTG CCATACTAATTGC-3Ј (BcuI site is underlined; His codons are double und erlined) as primers. PCR conditions were the following: denaturation at 95°C for 45 s, annealing at 44°C for 45 s, and extension at 72°C for 1 min, 30 cycles. After digestion with SacI and BcuI, the PCR fragment (corresponding to the B polypep tide) was inserted into pBluescript KSIIϩ at the SacI/BcuI sites to produce pHN14. CT was purchased from List Biological Laboratories, Campbell, Calif.
All plasmids were introduced into E. coli DH5␣FЈKan (Life Technologies, Inc., Gaithersburg, Md.). Expression of recombinant holotoxin and B pentamers was induced by isopropyl-␤-D-thiogalactoside, and the proteins were extracted from the periplasmic space by using polymyxin B treatment as previously described (22) . Periplasmic protein extracts were precipitated by addition of ammonium sulfate to 60% saturation (390 g/liter). The precipitate was collected by centrifugation and was dissolved in phosphate-buffered saline (pH 7.4). The dissolved precipitate was dialyzed overnight in phosphate-buffered saline to remove ammonium sulfate, after which the recombinant proteins were purified by means of affinity chromatography using a His · Bind resin column (Novagen, Madison, Wis.) according to a protocol provided by the manufacturer. The eluted fraction was passed through a 0.45-m-pore-size syringe filter and was further purified by means of gel filtration chromatography (Sephacryl-100; Pharmacia, Piskataway, N.J.) using an Ä KTA-FPLC (Pharmacia). The peak fractions were then concentrated using Vivaspin concentrators (Viva Science, Hanover, Germany). The purity of the recombinant proteins was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. All protein preparations were also analyzed by quantitative Limulus amebocyte lysate (LAL) assays (using kits from BioWhittaker, Walkersville, Md., or from Charles River Endosafe, Charleston, S.C.) to measure incidental endotoxin contamination. All holotoxin and B-pentamer preparations were essentially free of LPS (Յ0.0064 ng/g of protein). This was subsequently verified (see Results) in cytokine induction assays, the results of which were unaffected by the presence of the LPS inhibitor polymyxin B (10 g/ml). Further evidence against contamination with heat-stable contaminants was obtained upon holotoxin or B-pentamer boiling, which destroyed their biological activity (see Results). The addition of His tag had no effect on the cytokine-inducing ability of the enterotoxins, as shown in preliminary experiments comparing non-His-tagged and His-tagged molecules (data not shown), which were thus subsequently used in the experiments reported in this study.
Other bacterial molecules and antibodies. The fimbrillin subunit (FimA) of Porphyromonas gingivalis fimbriae was purified by means of size-exclusion and anion-exchange chromatography from E. coli BL21(DE3) transformed with the fimA gene of strain 381 (16) . No LPS activity was detected in the FimA preparation by the LAL assay (BioWhittaker) following chromatography through agarose-immobilized polymyxin B (Detoxi-Gel; Pierce, Rockford, Ill.). LPS was purified from P. gingivalis 381 (Pg-LPS) or E. coli K235 (Ec-LPS) as previously described (15), yielding molecules that activate NF-B exclusively through TLR2 or TLR4, respectively (13) . Recombinant human IL-10 and a neutralizing monoclonal antibody (MAb) to IL-10 were obtained from R&D Systems (Minneapolis, Minn.).
THP-1 cell culture and cytokine induction assays. Human monocytic THP-1 cells (ATCC TIB-202) were differentiated with 10 ng of phorbol myristate acetate/ml for 3 days in 96-well polystyrene culture plates at 37°C in a humidified atmosphere containing 5% CO 2 . This cell line has been widely used as a model of human monocytes/macrophages (2). The culture medium consisted of RPMI 1640 (Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (Life Technologies), 2 mM L-glutamine, 10 mM HEPES, 100 U of penicillin G/ml, 100 g of streptomycin/ml, and 0.05 mM 2-mercaptoethanol. Differentiated THP-1 cells (1.5 ϫ 10 5 /well) were washed three times and were used in cytokine induction assays in the absence or presence of bacterial molecules. To determine the effect of toxins on cellular activation by LPS or other stimuli, the cells were pretreated for 1 h with the toxins prior to stimulation. In certain experiments, toxins and LPS were added concomitantly to the cell cultures. Either approach yielded similar data (see Results). All toxins and their B pentamers were predominantly used at 2 g/ml; preliminary experiments showed that when these molecules were tested at lower concentrations, only LT-IIbB induced substantial levels of cytokine responses. The doses used for Ec-LPS, Pg-LPS, and FimA were chosen on the basis of results from earlier publications (13, 15, 16) . None of the bacterial molecules tested was found to affect the viability of the cells in the assays, as determined by trypan blue exclusion. Culture supernatants were collected after overnight incubation (16 h) and were stored at Ϫ80°C until assayed. TNF-␣, IL-1␤, IL-6, IL-8, and IL-10 released into the 6352 HAJISHENGALLIS ET AL. INFECT. IMMUN.
culture medium were quantitated using enzyme-linked immunosorbent assay (ELISA) kits (purchased from eBioscience, San Diego, Calif., or Cell Sciences, Canton, Mass.) according to protocols recommended by the manufacturers. NF-B activation assay. NF-B activation in THP-1 cells was determined by means of an NF-B p65 ELISA-based transcription factor assay kit (Active Motif, Carlsbad, Calif.) (13, 15) . The detecting antibody used in this ELISA recognizes an epitope on the p65 subunit of NF-B that is accessible only when NF-B is activated and bound to its target DNA (containing the NF-B consensus binding site 5Ј-GGGACTTTCC-3Ј) attached to 96-well plates. The assay was used to determine LT-IIbB-induced NF-B activation and its regulation by holotoxins. Specifically, differentiated THP-1 cells were preincubated at 37°C for 1 h with culture medium or in the presence of holotoxins as potential downregulators of NF-B activation. Cells were subsequently stimulated for 90 min with LT-IIbB. IL-10 was used as a positive control for downregulation of NF-B activation while FimA was utilized as a positive control for NF-B activation. Extract preparation and ELISA to detect NF-B p65 were performed according to the manufacturer's protocols. The optimal time of stimulation and amount of total protein (7.5 g) used in the ELISA were determined empirically in preliminary experiments.
Statistical analysis. Data were evaluated by analysis of variance and the Dunnett multiple-comparison test using the InStat program (GraphPad Software, San Diego, Calif.). Statistical differences were considered significant at the level of P Ͻ 0.05. Where appropriate (Table 1) , two-tailed t tests were also performed. Experiments were performed with triplicate samples and were performed twice or more to verify the results.
RESULTS
Cytokine induction by the LT-II holotoxins. Unlike CT or LT-I, LT-II toxins have not been previously examined for their capacity to induce cytokine release in monocytes/macrophages. This possibility was addressed in experiments using human monocytic THP-1 cells, which display a macrophage-like phenotype upon differentiation with phorbol myristate acetate (2, 16) . We examined induction of IL-1␤, which possesses mucosal adjuvant properties, as well as cytokines that display proinflammatory (TNF-␣), chemotactic (IL-8), immunoenhancing (IL-6), or anti-inflammatory (IL-10) properties. LT-IIa and LT-IIb were tested at 2 g/ml in comparison with an equal concentration of CT and with 10 ng of Ec-LPS/ml, a potent cytokine-inducing agonist. We found that LT-IIa and LT-IIb did not induce significant release of any of the cytokines tested (Fig. 1) . In contrast, CT significantly (P Ͻ 0.05) yet modestly elevated IL-1␤ and IL-8 release, whereas Ec-LPS induced high levels of all five cytokines (Fig. 1) . LT-IIa and LT-IIb did not induce significant cytokine release even when the dose was increased to 5 g/ml (data not shown). It should be noted that the enterotoxin preparations were essentially free of LPS (see Materials and Methods) and the IL-1␤-and IL-8-inducing ability of CT was not affected by the presence of polymyxin B (10 g/ml), a strong inhibitor of LPS (data not shown).
Anti-inflammatory activity of the LT-II and CT holotoxins. The apparent noninflammatory nature of LT-IIa and LT-IIb prompted us to investigate whether these molecules actively interfere with the proinflammatory activity of Ec-LPS, a strong TLR4 agonist (1). Thus, induction of proinflammatory cytokines by Ec-LPS was examined in THP-1 cells pretreated for 1 h with LT-IIa or LT-IIb enterotoxin or with CT. Other proinflammatory virulence factors that activate additional TLRs were also examined to determine whether inhibitory effects by the holotoxins could be extended to those molecules. Specifically, the effect of LPS from P. gingivalis, which activates TLR2, and of recombinant P. gingivalis FimA, which activates TLR2 and TLR4 (13, 15) , were also determined. Strikingly, all three holotoxins significantly (P Ͻ 0.05) inhibited TNF-␣ induction by all three proinflammatory molecules, especially that by Ec-LPS (Ն88% inhibition) ( Fig. 2A) . In stark contrast, the holotoxins significantly upregulated (P Ͻ 0.05) IL-1␤ induction by Ec-LPS, Pg-LPS, or FimA (Fig. 2B) . IL-6 induction in activated THP-1 cells was not significantly influenced by any of the holotoxins (data not shown). Cytokine results from this and following experiments were unaffected when the enterotoxins were added to the cells concomitantly with the bacterial stimulants (data not shown) or when the enterotoxins were added to the cells 1 h earlier.
To provide further evidence that the LT-II enterotoxins and CT interfere with inflammatory responses, we examined whether the enterotoxins also inhibit IL-8 induction by Ec-LPS. To determine concomitantly whether inhibition depended upon the catalytically active A subunits of the enterotoxins rather than solely on the ganglioside-binding activities, 3A) , thus confirming their anti-inflammatory potential. In contrast, none of the B pentamers inhibited Ec-LPS-induced IL-8 (Fig. 3A) . Instead, the B pentamers appeared to additively augment the Ec-LPS-induced IL-8 response (see also Fig. 3B ), although this effect reached statistical significance (P Ͻ 0.05) for LT-IIbB only (Fig. 3A) . The holotoxins, but not the B pentamers, also inhibited IL-8 induced in response to Pg-LPS (10 g/ml). The IL-8 response induced by Pg-LPS alone (44,385 Ϯ 2,206 pg/ml) was reduced to 17,894 Ϯ 1,638, 18,004 Ϯ 1,106, or 13,758 Ϯ 611 pg/ml in the presence of LT-IIa, LT-IIb, or CT, respectively. None of the B pentamers could inhibit Ec-LPS-induced TNF-␣ release (data not shown), in contrast to findings from treatment with the holotoxins (Fig.  2A ).
In the experiment described above, the holotoxins and their B pentamers were also tested alone for their ability to induce IL-8 (Fig. 3B) . The holotoxins exhibited either little (CT) or no (LT-IIa and LT-IIb) IL-8-inducing activity, in accordance with earlier results (Fig. 1) . Interestingly, however, LT-IIaB and especially LT-IIbB induced substantial levels of IL-8 release that were significantly higher (P Ͻ 0.05) than those induced by their respective holotoxins. Compared to the medium-only control treatment, CTB stimulated a significant (P Ͻ 0.05) IL-8 release, but this was not significantly higher than the IL-8 response induced by CT (Fig. 3B) . Although the purity of the B pentamers with regard to LPS contamination was verified in the LAL assay, to further rule out any stimulatory effects by incidental LPS contamination we repeated the assay of Bpentamer-induced IL-8 in the presence or absence of 10 g of polymyxin B/ml. Polymyxin B had no effect on the ability of any of the B pentamers to stimulate IL-8 production (Fig. 3B  insert) , whereas it almost completely inhibited IL-8 induction by Ec-LPS (data not shown). and IL-6 were measured in the culture supernatants. All three cytokines were elicited by treatment with LT-IIbB. In the case of TNF-␣ and IL-1␤ the level of induction was nearly comparable to that induced by application of 10 ng of Ec-LPS/ml (Fig. 4) . LT-IIaB induced a low but detectable amount of IL-1␤ which was significantly (P Ͻ 0.05) elevated over that of control cells (Fig. 4) . Boiling of the B pentamers for 20 min destroyed their ability to induce cytokines above the levels released by cells treated with medium only (data not shown). This further demonstrated that their effects were not mediated by incidental contamination with LPS in the preparations of purified B pentamers. Treatment of THP-1 cells with CTB did not elicit production of TNF-␣, IL-1␤, and IL-6 at either 2 g/ml (Fig. 4) or at 5 g/ml (data not shown). Collectively, the data shown on Fig. 1, 3 , and 4 suggest that the absence of the A subunit from the LT-II B pentamers facilitates their capacity for cytokine induction in monocytic THP-1 cells. Synergism for IL-10 induction and correlated activities. A plausible mechanism whereby the LT-II holotoxins and CT may inhibit proinflammatory cytokine induction by Ec-LPS or other bacterial stimuli, such as Pg-LPS and FimA ( Fig. 2A and Fig. 3A) , may involve IL-10-associated effects. This cytokine is a strong inhibitor of macrophage proinflammatory cytokines (10) . Because none of the holotoxins induced significant IL-10 responses in our experimental system (Fig. 1) , we determined their ability to augment IL-10 induction by Ec-LPS, Pg-LPS, or FimA. We found that all three toxins significantly (P Ͻ 0.05) upregulated IL-10 induction by all three bacterial stimuli (Fig.  5 ). As the enterotoxins had no detectable capacity to induce IL-10 when used alone ( Fig. 1 and 5) , it is likely that the observed effects of the enterotoxins in the comixture experiments were synergistic. In contrast, a synergistic effect was not observed when the B pentamers were substituted for the holotoxins in these experiments (data not shown).
Careful study of the data indicated that there was a correlation between the ability of the holotoxins to upregulate IL-10 ( Fig. 5) and their ability to downregulate TNF-␣ ( Fig. 2A) or IL-8 (Fig. 3A) . To confirm this correlation in a single experiment, the effect of LT-IIb holotoxin on LT-IIb B-pentamerinduced IL-10, TNF-␣, and IL-8 production (Fig. 6) was determined. Treatment of THP-1 cells with LT-IIb resulted in significant (P Ͻ 0.05) elevation of IL-10 levels in LT-IIbBactivated cells which correlated with a decrease in IL-8 and TNF-␣ levels (Fig. 6 ). LT-IIb was also found to enhance LTIIbB-induced IL-1␤ release (Fig. 6) , which was consistent with observations in cells activated with Ec-LPS, Pg-LPS, or FimA ( Fig. 2A) .
Involvement of IL-10 in holotoxin-mediated TNF-␣ and IL-8 downregulation in activated cells. To determine whether the downregulatory effects of the holotoxins on TNF-␣ and IL-8 induction in activated cells were mediated via induction of IL-10, experiments were conducted using a neutralizing MAb to IL-10 (10 g/ml). If, indeed, the effects were caused by IL-10, then addition of the anti-IL-10 MAb to the cell cultures would be expected to reverse the inhibitory effects of LT-IIa, LT-IIb, or CT on production of these proinflammatory cyto- (Table 1) . The use of a higher concentration of anti-IL-10 (20 g/ml) did not further enhance the reversal effect (data not shown). Similarly, anti-IL-10 only partially reversed holotoxin-mediated inhibition of FimA-induced TNF-␣ (data not shown). These data suggested that endogenous production of IL-10 cannot adequately account for the ability of the holotoxins to downregulate proinflammatory cytokine induction. The conclusion from these experiments was that an additional molecular mechanism(s) may be involved in the immunomodulatory effects of the holotoxins.
Effect of LT-II and CT holotoxins on NF-B activation.
Because NF-B plays a central role in the activation of genes encoding proinflammatory cytokines (1), it was hypothesized that LT-II enterotoxins and CT downregulate cytokine induction in LT-IIbB-stimulated cells by interfering with NF-B activation. Although both p50 and p65 subunits of NF-B bind target DNA upon NF-B activation, the p65 subunit was selected for examination in this study because p65 is the transactivating subunit of heterodimeric (p50/p65) NF-B. In fact, p50/p50 homodimers may act as transcriptional repressors (31) . THP-1 cells were treated with LT-IIbB, and the level of activation of NF-B was measured. FimA was used in a parallel experiment as a positive control for NF-B p65 activation (13) , and IL-10 (10 ng/ml) was used as a positive control for inhibition of NF-B activation (30, 32) . Results indicated that LT-IIbB did indeed activate NF-B p65 (Table 2) , thus suggesting a plausible mechanism for proinflammatory cytokine induction by LT-IIbB. Boiling of LT-IIbB at a relatively dilute concentration (Ͻ10 g/ml) to facilitate disassembly of the unusually stable pentameric structure was correlated with a loss in the molecule's ability to activate NF-B (Table 2 ). This result excludes the possibility that the activation effect was mediated by incidental heat-stable contaminants in the preparation of purified LT-IIbB. IL-10 significantly (P Ͻ 0.05) inhibited both LT-IIbB-mediated activation of NF-B and the release of TNF-␣ and IL-1␤ (Table 2) . LT-IIa, LT-IIb, and CT also partially inhibited LT-IIbB-mediated activation of NF-B (P Ͻ 0.05), although the effect was lost when the holotoxins were denatured by boiling (Table 2) . It is most likely that the inhibitory effect of the holotoxins on NF-B activation is IL-10-independent; indeed, inhibition of NF-B p65 activation occurred within 90 min of cellular activation (Table 2) , i.e., earlier than release of IL-10 in our experimental system (IL-10 was undetectable after only 2 h of cellular stimulation with LT-IIbB in the presence or absence of the holotoxins; data not shown). As observed with LT-IIbB, we found that the holotoxins and IL-10 also regulated FimA-mediated NF-B activation and cytokine release ( Table 2) .
DISCUSSION
The results of this study show that isolated B pentamers from LT-IIa or LT-IIb possess quite distinct immunomodulatory properties from those of their respective holotoxins upon interaction with monocytic THP-1 cells. Whereas the B pentamers of LT-IIa and LT-IIb readily induced cytokine release ( Fig. 3 and 4) , the respective holotoxins were essentially inactive in this regard ( Fig. 1 and 3) . Conversely, the LT-II holotoxins, but not their B pentamers, were potent regulators of cytokine release in activated THP-1 cells, as they downregulated proinflammatory cytokines (TNF-␣) or chemokines (Fig. 2, 3 , and 5). These findings regarding the interactions of LT-II holotoxins and their B pentamers with THP-1 cells have just been confirmed with primary mouse macrophages (our unpublished observations). Although LT-IIa and LT-IIb do not induce significant IL-1␤ release on their own, they may upregulate IL-1␤ induction and associated adjuvant effects when they are coadministered with certain immunogens. This difference in proinflammatory properties was not quite as pronounced between CTB and CT, because CTB was weaker than the LT-II B pentamers while CT was stronger than the LT-II holotoxins in cytokine induction. However, similar to the LT-II molecules, only the holotoxin structure of CT displayed regulatory activity in cytokine release. The differences in immunomodulatory activities of the holotoxins and their B pentamers have obvious implications with regard to the adjuvant properties of these immunomodulators for monocytic cells. The LT-IIa B pentamers and the LT-IIb B pentamers may promote adaptive immune responses through promotion of inflammatory activity (25) and/or other activities which are associated with ganglioside binding (29) . On the other hand, the LT-IIa and LT-IIb holotoxins may exert their complex adjuvant effects (29) in a relatively noninflammatory manner. Indeed, CT is noninflammatory in an animal model (35) . This is in stark contrast to the proinflammatory Clostridium difficile toxin A, another toxin which causes intestinal fluid secretion (35) . On the basis of the in vitro data (Fig. 1) , it can be surmised that LT-IIa and LT-IIb are similarly noninflammatory. Moreover, their ability to downregulate proinflammatory cytokine induction by LPS (Fig. 2 and 3 ) may possibly serve as a survival strategy of the pathogens aimed at suppressing the innate immune response against them. The development of an in vivo model may be necessary to test this hypothesis.
The capacity of the holotoxins to synergistically enhance IL-10 production in activated monocytic cells suggested the possibility that their anti-inflammatory activities may be induced through IL-10. Endogenously produced IL-10, however, may exert a minor effect in this regard, because a neutralizing antibody to IL-10 only partially reversed (16 to 23%; Table 1 ) the inhibitory effect of holotoxins on TNF-␣ or IL-8 release in activated THP-1 cells. This minor effect could be due to insufficient induction levels or delayed kinetics of production of this anti-inflammatory cytokine. In this respect, IL-10 is known to be produced at later time points than TNF-␣ or other proinflammatory cytokines (9) . It is also unlikely that endogenously produced IL-10 contributed to holotoxin-mediated inhibition of the DNA-binding activity of NF-B p65 (Table 2) . Indeed, the activation of this transcription factor in our experimental system was assayed at 90 min following cellular activation, whereas endogenously produced IL-10 was undetectable even at 120 min. A high concentration of exogenous IL-10 (10 ng/ ml; i.e., at least 20 times higher than endogenously produced IL-10 in our system) added early in the experiment potently inhibited NF-B activation and cytokine induction ( Table 2) . This observation further supports the notion that endogenous IL-10 was apparently too little, too late, to contribute substantially to the immunomodulatory effects of the holotoxins. Moreover, certain holotoxin-mediated effects were diametrically opposite to those of IL-10; specifically, the holotoxins upregulated, whereas IL-10 downregulated, IL-1␤ release in activated THP-1 cells (Table 2) . Thus, the regulatory effects of the holotoxins on cytokine induction seem to be largely independent of IL-10 and may include inhibitory effects on NF-B activation.
The dramatic differences in proinflammatory activity between the LT-II holotoxins and their B pentamers are likely attributable to what distinguishes them structurally, i.e., the presence or absence of the enzymatically active A subunit. The absence of the A subunit from the LT-II B pentamers was highly correlated with increased proinflammatory properties. It is presently uncertain whether these differences in proinflammatory activities are linked to the property of the A subunit to cause elevation of intracellular cAMP levels (6) or whether some other property of the A subunits is involved. To directly address this question, similar experiments to those performed herein using mutagenically detoxified holotoxins are planned. It is, nonetheless, possible that the cAMP-elevating property of the A subunit is important in inducing the observed anti-inflammatory effects. In this respect, the ability of the holotoxins to inhibit the DNA-binding activity of NF-B (Table 2) is consistent with a cAMP-dependent mechanism leading to decreased proinflammatory cytokine production. Indeed, elevation of cAMP by prostaglandin E2 (PGE2) has been shown to inhibit the DNA-binding activity of NF-B (24). Moreover, cAMP downregulates NF-B activity at a post-DNA-binding step. Specifically, the cAMP-dependent PKA phosphorylates the cAMP response element binding-protein (CREB), which can thereby effectively compete with NF-B p65 for limiting amounts of a common transcriptional coactivator, the CREB-binding protein (CBP) (27) . The property of the LT-II toxins and of CT to elevate intracellular cAMP levels may also be linked to their complex regulatory effects on cytokine induction (i.e., downregulation of TNF-␣ and IL-8 and upregulation of IL-1␤ and IL-10) by cells activated with LPS or other proinflammatory factors. Indeed, cAMP not only inhibits TNF-␣ expression in monocytic cells at the transcriptional level (34) through inhibition of NF-B activation (24, 27) , but it is also involved in positive regulation of IL-1␤ (5) and IL-10 (3) gene transcription in monocytic cells. Similar to TNF-␣, a cAMP-dependent inhibitory mechanism may also apply to IL-8 induction, which is also strongly dependent on NF-B (26). It is interesting that regulation of cytokine induction by cAMP parallels the immunomodulatory effects observed here in THP-1 cells treated with the holotoxins.
In summary, the B pentamers of the LT-II enterotoxins exhibit proinflammatory properties in human monocytic cells, whereas their respective holotoxins are essentially noninflammatory. However, only the holotoxins are potent regulators of cytokine induction in activated cells. These findings further differentiate the immunomodulatory activities of LT-IIa and LT-IIb holotoxins and their respective B pentamers. Elucidating the mechanisms of immunomodulation by the LT-IIa and LT-IIb holotoxins and their nontoxic derivatives will likely contribute to the rational design of more effective and safer systemic and mucosal adjuvants. 
